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ABSTRACT 
The production c r o s s section for posit ive pions produced 
at 0° to the 339 -Mev proton beam in the react ion ρ + ρ → π+ + ρ +n was 
m e a s u r e d at severa l energies in the neighborhood of 21. 5 Mev pion en­
ergy. A pion leaving the t a rge t with this energy has the same velocity 
as a nucleon also leaving the ta rge t at 0°. A strong pion-nucleon in t e r ­
action at low rela t ive energies could then produce an appreciable effect 
on the shape of the pion spec t rum. Measurements of the re la t ive and 
of the absolute production c r o s s section were made . No appreciable 
r i s e was observed in the re la t ive c r o s s section in this region and the. 
absolute value was found to be in agreement with the values obtained 
by ea r l i e r expe r imen te r s . 
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I INTRODUCTION 
Brueckner and Watson ' pointed out that some information 
about the low-energy pion-nucleon interact ion might be obtained from 
a measu remen t of the pion-production c r o s s section in the react ion 
ρ + ρ → π+ + p + n . If one cons iders the pions leaving the ta rge t at 0° 
to the incident proton beam, there is a pion energy for which the ve loc­
ity of the pion may be equal to the velocity of one of the product nucleons. 
We thus have a situtation in which the pion and one of the nucleons, say 
the neutron, a r e traveling in the same direct ion with very low re la t ive 
energy. This is closely analogous to the react ion ρ + ρ → π+ + d, in 
which the proton and neutron have low re la t ive energy and thus in terac t 
to form the deuteron. This case has been studied in considerable de ­
tail by Brueckner and Watson1 theoret ical ly , and by Cartwright , Richman, 
Whitehead and Wilcox3 experimentally. At the appropriate pion energy 
for deuteron formation, they find a susbtantial increase in the pion-pro­
duction c r o s s section which they at t r ibute to the strong a t t rac t ive in te r ­
action of the final nucleons. 
This paper descr ibes an attempt to investigate the pion-nucleon 
coupling by a measu remen t of the pion-production c ro s s section in the 
energy region of low rela t ive pion-nucleon velocity. An a t t rac t ive in te r ­
action would tend to inc rease the c r o s s section, whereas a repuls ive 
interact ion would tend to have the opposite effect. 
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II GENERAL DESCRIPTION OF EXPERIMENT 
The pions of in te res t have an energy of about 21. 5 Mev (See 
Section V, B). A measu remen t of the relat ive production c r o s s section 
of positive pions in this energy region was undertaken using a CH 2 -carbon 
subtract ion method. 
A thin CH2 target (0. 28 g / c m ) and a somewhat thicker C 
target (0.99 g/cm2) were exposed successively in the external proton 
beam of the 184-inch cyclotron. Positive pions leaving the target at ap­
proximate ly 0° to the proton beam a re bent through 180° in a magnetic 
field and then stopped in the detector as shown in Fig. 1. 
The b r a s s channel s e rves as shielding against background 
p a r t i c l e s . It a lso l imits to ± 4° the angular spread of pions that reach 
the ta rge t . The detector consis ts of a 200 μ Ilford C-2 Nuclear Emulsion 
embedded in an aluminum absorber as shown in Fig . 2. 
The posit ive pions coming to r e s t in the. emulsion can be 
easi ly identified by their cha rac te r i s t i c decay into a μ at the end of 
their range . By sampling the population of stopped pions at var ious 
depths of absorber we can de te rmine , as a function of energy, the num­
ber of p iοns /cm 2 Mev entering the front face of the abso rbe r . Fu r the r 
details about this detection scheme are given in the next section. The 
c r o s s section per unit energy interval per unit solid angle dσ 
dTdΩ 
i s 
then given by this express ion (See Sec. III, H), 
d σ 
= 
Ν π ( Τ ) 
d Τ d.Ω Np Nt Κ (1) 
where Νπ (Τ) is the number of p ions /cm Mev entering the front face 
of the absorber , Νp is the number of protons passing through the target , 
Νt is the number of carbon nuclei or CH2 molecules per c m 2 , and Κ is 
a constant geometrical factor. Since the geometry was the same for all 
exposures, we only need to know the three quantities Nπ (Τ), Νp and Νt  
at the various pion energies in order to find the relative values; of the 
cross sections. 
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Fig . 1 Arrangement of experimental appara tus . 
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Fig. 2 Absorber blocks with photographic emulsions. 
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Four separa te exposures were made: one each centered 
at 18.8, 21. 7 and 24.8 Mev, using the CH2 ta rget , and one centered at 
23. 3 Mev using the carbon ta rge t . The magnetic field was changed to 
the appropr ia te value for each exposure , since the energy acceptance 
of the channel is too smal l (about 5 Mev) to cover the ent i re energy in­
terval in one setting. 
The energy of the incident proton beam was measu red by 
determining the range of the protons in accura te ly machined copper ab ­
s o r b e r s . A Bragg curve was obtained by changing the thickness of the 
absorber interposed between two ion c h a m b e r s . When the r ange -ene rgy 
relat ion of Mather and Segrè4 was applied to this curve , the energy of 
the incident proton beam was found to be 339 Mev. Taking this Value 
for the proton energy and a pion m a s s of 273 electron m a s s e s , 5 we find 
that the pion produced at 0° with an energy of 21.5 Mev has the same 
velocity as the neutron leaving the t a rge t at 0° . This cor responds to 
a pion energy of 1.3 Mev and a neutron energy of 8. 6 Mev in the center-of-mass 
system of the two initial nucleons. 
The re la t ive number of protons pass ing through the ta rge t 
during each exposure was de termined by placing an ion chamber in the 
beam and integrating the output of the chamber . 
In addition to these m e a s u r e m e n t s of the re la t ive production 
c r o s s section, one measu remen t of the absolute production c r o s s section 
was made at 21.7 Mev, using the CH2 t a rge t . This measu remen t , though 
not so accura te as the re la t ive m e a s u r e m e n t s , was made for compar ison 
with other data3 and thus to insure that there was no "broad peak" present 
that would be missed in the relative measurements. 
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III DETAILS OF THE EXPERIMENTAL PROCEDURE 
A. Target 
We shall f i rs t show that a combination of r equ i rements makes 
the use of a pure hydrogen ta rge t , e i ther liquid or gaseous , imprac t icab le . 
The high ra te of energy loss of a 20-Mev pion (about 5 M e v / 
g / c m 2 ) and the requ i rement for good energy resolut ion l imi ts us to very 
thin t a r g e t s . This would then lead to a high "background" of pions p r o ­
duced in the container walls of any such ta rge t . In o rder to calculate 
the solid angle, the point of origin of the pions should be fair ly well l o ­
cal ized and it should be ei ther inside or very close to the edge of the 
magnetic field. This would introduce mechanical difficulties in the con­
struct ion of a ta rge t . 
It was thus decided to use polyethylene (CH2) and carbon 
to obtain the hydrogen contribution by subtract ion. 
The t a rge t s were mounted inside the magnetic field ( see 
F ig . 1) and had the following approximate th icknesses : 
CH2 = 1/8 inch 
C = 1/4 inch 
The exact th icknesses were obtained by machining a por t ion of the ta rge t 
and weighing it accurately. The accurate values thus ascertained are: 
CH2 =0.284 g/cm2 
C = 0 . 9 9 1 g / c m 2 
The effective a r e a of the ta rget is the c r o s s sectional a r ea 
of the/proton beam. The beam emerges from the cyclotron shielding 
through a 40-inch b r a s s tube having a rectangular c r o s s section of 1-1/4 
inches high by 3/4 inch wide. At the ta rge t posit ion, the beam has a 
rec tangular c r o s s section of approximately 1-3/4 inches high by 1-1/4 
inches wide. 
The energy loss of pions in t ravers ing the ent i re t a rge t thick­
ness is about 1.6 Mev for the CH2 t a rge t and 4 .8 Mev for the C ta rge t . 
The corresponding figures for the proton beam a re about 1 Mev and 3 
Mev. 
-10-
B. Magnetic Field 
The magnetic field used to separa te the pion and proton t r a ­
j ec to r i e s has a maximum strength of 14,300 gauss a c r o s s a 3-1/2 inch 
gap. The a r ea of the pole face is l a rge enough to p e r m i t a s emic i r cu la r 
t r a jec to ry of about 10 inches radius within the uniform port ion of the 
field. A measu remen t was undertaken along the cent ra l pion t ra jec to ry 
with a radius of 9.50 inches . A flip coil, which had previous ly been 
cal ibra ted with a nuclear induction appara tus , was used for this purpose . 
A m e a s u r e m e n t of the re la t ive field strength was made along the ent i re 
t ra jec tory for a fixed value of the magnet cur ren t ; an absolute m e a s u r e ­
ment of the field s t rength as a function of magnet cu r ren t was made at 
the ta rget and detector posit ion. 
The field was found to be uniform within 1 pe rcen t over most 
of the t ra jec tory . Over the las t two inches there was a slight drop (up 
to 5 percent ) owing to the fringing field. 
The channel (see Section III, C) l imi ts the t r a j ec to r i e s r e a c h ­
ing the detector to those within ±4° of the cent ra l t ra jec tory . Since 
we a r e only concerned with a na r row pencil of t r a j ec to r i e s , we make 
use of the following well-known focusing p rope r t i e s of uniform magnetic 
f ields. Consider pions of a given energy leaving the t a rge t in a horizontal 
plane and with a smal l spread of angles around 0°. All the pions o r ig ­
inating at a point in the ta rget will, after turning through 1 8 0 , be focused 
to an image point at the detector . This will be t rue to a good approxi ­
mation if we neglect the multiple smal l -angle scat ter ing within the ab ­
so rbe r . In this way all the pions of a given energy that can get down 
the channel will form a point-by-point image of the ta rge t on the photo­
graphic emulsion. The emulsions a r e then scanned in na r row swaths , 
each of which cor responds to a fixed value of the pion energy. The en­
t i r e length of the t a rge t image is covered, and essent ia l ly all pions p r o ­
duced in a given energy interval and falling within the acceptance angle 
of the channel a re thus detected. 
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C. Channel 
The purpose of the b r a s s channel is threefold; 
(1) It s e rves as shielding for the detector by preventing 
pa r t i c l e s that leave the ta rget at angles other than 0° from reaching 
the emulsion. 
(2) It defines the angular acceptance of the detector by a 
"sl i t" 1-1/4 inches wide at the 90° posit ion. This l imi ts the t r a j ec to r i e s 
from the center of the t a rge t to ± 4° with respec t to the direct ion of the 
proton beam. 
(3) It provides a rough energy selection by accepting only 
t r a j ec to r i e s with the c o r r e c t curva ture . The energy "bi te" δ Τ of the 
channel is b roader than the energy interval Δ Τ actually observed at 
the detector . At 22 Mev the energy bite of the channel is about 5 Mev. 
The inside of the channel has a s e r i e s of teeth prot ruding 
about 1/8 inch from the smooth wall of the channel. These teeth a r e 
about 1/4 inch thick and their purpose is to prevent reflections of p a r ­
t ic les from the metal wal ls . Such reflect ions ord inar i ly take place when 
a pa r t i c l e impinges on a smooth surface at a very smal l angle. The 
pa r t i c l e may then suffer a few sca t t e r s in the ma te r i a l and emerge again 
with a slightly different energy and direct ion of motion. 
A wide acceptance angle for pions would be des i rab le since 
it leads to an inc rease in the solid-angle factor. We shall , however, 
show that such a wide acceptance angle is incompatible with the r e q u i r e ­
ment of good energy resolut ion. It what follows we shall abbreviate 
the Cente r -o f -Mass System of the two initial protons to "CM" and the 
Labora tory System to " L a b . " P r i m e d quanti t ies a r e in the CM, unpr imed 
quantit ies in the Lab. sys tem. For a fixed pion energy in the CM, the 
energy in the Lab. is a rapidly varying function of the angle of emiss ion 
in the CM. 
Τπ (θ') = a + b cos θ' 
where θ' is the angle of emiss ion in the CM system; 
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Tπ = kinetic energy of pion in Lab. sys tem. For θ' = 
45°, which cor responds to θ = 10° in the L a b . , for example, the energy 
drops from 21.5 to 19 Mev. It is thus n e c e s s a r y to l imit the angular 
acceptance to a small value to avoid a la rge energy spread. The value 
chosen (θ = 4° or θ' = 17°) cor responds to a drop of 0 .4 Mev in pion en-
ergy. 
The slit defining the angular acceptance of the channel is 
wide enough to p e r m i t each energy within Δ Τ to form a complete image 
of the ta rge t at the detec tor . This is n e c e s s a r y to a s s u r e the same ef­
fective ta rge t a rea for each energy within Δ Τ . 
The c r o s s sectional a r e a of the pion beam was everywhere 
much l a r g e r than the RMS displacement , owing to multiple Coulomb 
scat ter ing experienced by the pion in coming to r e s t in the abso rbe r . 
Fo r a 22 Mev pion, for example, the RMS displacement is 0 .5 mm where ­
as the c r o s s sectional a r ea of the channel is nowhere l e s s than 9 cm by 
3 cm. 
D. Geometry 
Two different types of m e a s u r e m e n t s were undertaken in 
this exper iment , each using a different geometry . 
The f i rs t type was a measu remen t of the re la t ive production 
c r o s s section. Here the pions were bent through 180° in the magnetic 
field. In o rder to calculate an absolute value of the c r o s s section one 
needs to know, at a point in the ta rge t , the solid angle subtended by a 
unit a r ea at the emulsion (perpendicular to the direct ion of t r ave l of 
the pions) . The reason for using this geometry is a very substantial 
reduction in the number of background t racks observed. Its main d i s ­
advantage l ies in the complexity of the solid-angle calculation. The 
solid angle factor, however, does not enter into the determinat ion of 
the re la t ive c r o s s section. In going from one energy to the next only 
the magnetic field is changed, and hence the geometry r emains constant. 
An es t imate of this factor was made, however, both by calculation and 
exper imental ly , and it was found to be close to the value in the 90° case 
(see below). 
The second type was a m e a s u r e m e n t of the absolute production 
c r o s s section. Since the above measu remen t gives information only 
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about the shape of the spect rum, it seemed advisable to check the ab ­solute magnitude at one point. In this case the pions were only bent through 90° and the solid angle can be readi ly calculated. For pion trajectories perpendicular to the uniform magnetic field the solid angle is given6 by 
d Ω 
= 
1 s t e r a d / c m 2 
d A ρ2 Φ sin Φ (2) 
where ρ is the constant radius of curvature of the pion and φ is the angle 
through which the t ra jec tory turns in going from the ta rge t to the abso rbe r . 
For our case d Ω A A = 1.1 χ 10
-3 s t e r a d / c m 2 , This is for the t ra jec tory 
from the center of ta rge t to the center of the absorbe r . The total v a r ­
iation in the solid angle for pions leaving different p a r t s of the ta rge t 
and hitting the ex t reme edges of the detector is about 8 pe rcen t . 
E. Detector 
The detector consis ts of a photographic emulsion embedded 
in an aluminum absorber as shown in Fig . 2. P ions enter perpendicu lar ly 
through the front face of the absorber and come to r e s t after having t r a v ­
eled a distance R equal to their range in aluminum. This range is 1 cm 
of aluminum for a 21-Mev pion. The population of stopped pions in the 
absorber is then sampled by the photographic emulsion. The energy 
of the pions coming to r e s t in the emulsion can thus be d i rec t ly de termined 
by their posit ion on the emulsion and the known range-energy relat ion 
for pions in aluminum.1 1 Fiducial m a r k s were placed on the emulsions 
by shining light through two ve ry . sma l l holes dr i l led at a known dis tance 
from the front face of the abso rbe r . The depth of penetra t ion into the 
absorber was then determined by the distance of the ending of the pion 
t r ack from these fiducial m a r k s . 
We next have to es tabl ish a relat ion between the number of 
pions found p e r unit volume of emulsion and the flux of pions incident 
on the front face of the abso rbe r . In Appendix 1 the following formula 
is derived. 
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Νπ (Τ) = [ dT 
] a b s 
R a b s 
dx ■ R e m 
(3) 
w h e r e Νπ (Τ) = No . of p i o n s / c m 2 Mev e n t e r i n g the f ront face of the a b ­
s o r b e r . 
ρπ = p i o n s s topped p e r un i t v o l u m e of e m u l s i o n 
R a b s = r e s i d u a l r a n g e in a b s o r b e r 
Rem r e s i d u a l r a n g e in e m u l s i o n 
a t a b s o r b e r - e m u l s i o n b o u n d a r y 
[ dT ] a b s dx = r a t e of e n e r g y l o s s when p i o n e n t e r s a b s o r b e r . 
The q u a n t i t y ρπ i s e x p e r i m e n t a l l y o b s e r v e d and Νπ (Τ) i s the q u a n t i t y 
n e e d e d to c a l c u l a t e the c r o s s s e c t i o n ( s e e s e c t i o n III, H) . 
The above f o r m u l a w a s d e r i v e d on the a s s u m p t i o n tha t the 
p ion e x p e r i e n c e s no s c a t t e r i n g a s i t p e n e t r a t e s t h r o u g h the a b s o r b e r . 
H o w e v e r , the e m u l s i o n i s e m b e d d e d in an a b s o r b e r of e s s e n t i a l l y inf ini te 
s i z e c o m p a r e d to the RMS d i s p l a c e m e n t due to s c a t t e r i n g ( s e e Sec . III, 
C) . H e n c e to a good a p p r o x i m a t i o n the n u m b e r of p i o n s s c a t t e r e d out 
of any s m a l l v o l u m e of e m u l s i o n i s c o m p e n s a t e d for by o t h e r p i o n s (of 
s l i gh t ly l o w e r or h i g h e r e n e r g y ) s c a t t e r e d in to the e m u l s i o n f rom the 
s u r r o u n d i n g a b s o r b e r . 
It i s p o s s i b l e for p r o t o n s hav ing the s a m e m o m e n t u m a s the 
p i o n s of i n t e r e s t to c o m e down the c h a n n e l and e n t e r the f ron t face of 
the a b s o r b e r b l o c k . H o w e v e r , the r a n g e of such p r o t o n s i s s h o r t e r by 
about a f a c t o r of 100, and h e n c e such p r o t o n s do not r e a c h the e m u l s i o n . 
F . P h o t o g r a p h i c E m u l s i o n s 
The e m u l s i o n s w e r e s c a n n e d u s ing a m i c r o s c o p e with a m a g ­
n i f i ca t ion of 540 x . The only e v e n t s coun ted w e r e the ones in which the 
t r a c k could de f in i t e ly be ident i f ied a s t ha t of a p o s i t i v e p ion c o m i n g to 
r e s t . Such t r a c k s could be r e c o g n i z e d e a s i l y by the r a p i d v a r i a t i o n of 
g r a i n d e n s i t y and the l a r g e a m o u n t of s c a t t e r i n g n e a r the end of the r a n g e . 
The p o s i t i v e p ion w a s f u r t h e r iden t i f i ed by the m u o n into wh ich i t d e c a y e d . 
The s c a n n i n g e f f ic iency w a s c h e c k e d by l e t t i ng d i f fe ren t o b s e r v e r s s c a n 
the s a m e a r e a in the e m u l s i o n . A s e r i e s of such c h e c k s w a s m a d e d u r i n g 
the c o u r s e of the e x p e r i m e n t and the a v e r a g e s cann ing e f f i c iency w a s 
found to be a r o u n d 90 p e r c e n t . 
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With the detector in the 180° posit ion, the a rea scanned was 
a pa ra l l e log ram in shape, to allow for the change of radius of curvature 
with energy (see Fig. 3). In this way the swath scanned for each indi­
vidual energy is centered around its cent ra l t ra jec tory , and the ent i re 
width of the ta rget is thus covered. The a r ea scanned was about 40 mm X  
1.8 mm and was scanned in 12 swaths each 150 μ wide. Since the v a r ­
iation of energy along the plate is given (see App. 1) by 
Δ Τ = [ 
d T 
] a b s 
Δ X = [ d Τ cos α Δ S 
] a b s 
d x d X (4) 
we find that Δ Τ = 12.5 Mev/cm x 0. 966 x 0. 18 cm = 2 .2 Mev. Hence 
the energy bite Δ Τ was about 2 Mev on each p la te . 
The thickness of the p la tes was determined by measur ing 
the thickness of the glass plus emulsion immediate ly before exposure . 
After development, the same quantity was measu red so as to give directly 
the shrinkage Δ t of the emulsion. The dr ied emulsion was then m e a s ­
ured on a cal ibra ted microscope to get its final thickness t f . The o r ig ­
inal thickness is thus obtained by adding the amount of shrinkage to the 
final thickness of the emulsion, i . e . tf + ∆ t. 
G. Measurement of Pro ton Beam Energy 
The energy of the e lec t r ica l ly deflected proton beam was 
measu red by a method originally used by Bakker and Seg rè 7 . The beam 
f irs t p a s s e s through a thin ionization chamber filled with argon at about 
a tmospher ic p r e s s u r e . It then p a s s e s through a set of accura te ly m a ­
chined and weighed copper abso rbe r s of var iable thickness and finally 
through a second ionization chamber s imi la r to the f i rs t one. The d i s ­
tance between the collecting foils in each chamber is 2 inches and thei r 
d iameter is l a rge enough (4 inches) to allow for the broadening of the 
beam due to multiple scat ter ing in the absorbe r . 
The charge collected in each chamber is in tegrated and the 
rat io of the outputs of the two chambers is recorded . A plot of this ra t io 
as a function of absorber thickness yields the well-known Bragg curve . 
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F ig . 3 P ion t ra jec to r ies in magnetic field and target images formed 
on photographic emulsion. 
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Mather and Segrè4 have shown that if one chooses on this 
curve a value of the ordinate which is 0.82 t imes the maximum value, 
one obtains at the corresponding absc i s sa the " r a n g e " of the pa r t i c l e . 
The proton beam energy was measured , using the above 
c r i t e r ion for the range and the values for the range in Cu quoted by the 
same au thors . 
Four separa te measu remen t s of the beam energy were un­
der taken, yielding the following values: 
Date 
Range in 
C u ( g / c m 2 ) | Energy in Meν 
July 8, 1952 9 2 . 1 339.4 
July 9, 1952 92.2 339.4 
Sept. 20, 1952 91 .3 338. 1 
Sept. 21, 1952 9 1 . 4 338.2 
F r o m the shape of the Bragg curve we can also obtain an es t imate of 
the energy spread in the proton beam. The spread is of the o rder of 
± 2 Mev and since the pion energy Τπ is a fairly slowly varying function 
of the incident-beam energy this will not introduce a la rge shift in pion 
energ ies . A change in proton energy of 1 Mev will cause a change in 
pion energy of 0.15 Mev. Thus the uncertainty in pion energ ies due to 
the inhomogeneity of the proton beam is considerably smal le r than the 
energy spread due to the finite ta rge t thickness ( ~ 0 . 8 Mev). 
H. Calculation of Cross Section 
Here again we have to distinguish between the two types of 
measu remen t s made, one to obtain the relat ive c r o s s section and the 
other to obtain the absolute value. In general , the number of pions e n t e r ­
ing the face of the absorber pe r unit a r e a pe r Mev is re la ted to the c r o s s 
section as follows: 
Νπ (Τ) = Νp Νt.( ' d σ )( 
d Ω 
) d Τ d Ω TA (5) 
where Νπ (Τ) = Number of pions entering absorber face /cm 2 Mev 
Νp = Number of protons pass ing through ta rge t 
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2 
Νt = Number of carbon nuclei or CH2 molecules in t a r g e t / c m 2 
d σ 
d Ω d Τ 
= Differential c r o s s section for production of pions by 
protons on carbon nuclei (or a CH2 group) pe r unit solid 
angle pe r Mev. 
d Ω 
dA 
= Solid angle subtended by a unit a r ea at the emulsion. 
The number of pro tons Νp was determined by integrating the output of 
a c l i b r a t e d ion chamber placed in the beam just ahead of the ta rge t . 
The number of t a rge t nuclei is also easi ly determined from the known 
th icknesses of the t a r g e t s . 
Consider now the case where the detector is placed in the 
180° posit ion and we want to m e a s u r e the re la t ive production c r o s s s e c ­
tion. A given unit a r e a on the absorber face can be reached by pions 
from all p a r t s of the t a rge t . See Fig. 3 for a set of typical t r a j ec to r i e s . 
Each point of the ta rget contr ibutes pions of a different energy to the 
same unit a r ea on the absorber face. Assuming that the density of p r o ­
tons str iking the ta rge t is uniform within the a r ea of the beam, we a re 
justified in using Eq. (5) above, which was der ived on the assumpt ion 
of uniform contributions from all p a r t s of the t a rge t within the energy 
interval chosen. The factor d Ω 
dA r ema ins a constant as the magnetic field 
is changed and thus does not enter into the determinat ion of the re la t ive 
c r o s s section. 
With the detector in the 90° posit ion, the conditions 
for use of Eq. (5) a r e satisfied, since now pions can reach the 
element dA on the absorber face by leaving the ta rge t at a smal l angle 
to the beam direct ion. Thus he r e , too, pions within the energy acceptance 
of the channel can reach any p a r t of the detector from any p a r t of the 
ta rge t . 
If we now use the express ion for Νπ (Τ) from Eq. (3) above 
we get 
Νπ ( Τ ) = 




) [ d T ] a b s 




or d σ = 
Ρπ c m 2 / s t e r a d . 
d Τ d Ω [ dT ■] a b s 
R a b s Νp Nt d Ω 
dx R e m dA 
Mev (7) 
I. Correc t ions to Cross Section 
The above value for the c ro s s section has to be co r rec ted 
for two effects that tend to remove pions from the beam before the emul ­
sion is reached. These effects a r e : 
(1) Decay of pions in flight 
(2) Nuclear interact ions while slowing down in the absorbe r . 
As is shown in Appendix 2, both these cor rec t ions a re very slowly v a r y ­
ing functions of the pion energy and hence do not have to be included in 
the evaluation of the re la t ive c r o s s section. The thi rd cor rec t ion is ap ­
plicable to both relat ive and absolute c r o s s sect ions, and takes into a c ­
count the finite thickness of the target . 
(1) Correct ion for pion decay in flight. 
Because the pion has a fair ly short mean 1ife(τm = 2. 54 x 
10-8 sec),8 an appreciable fraction of the pions leaving the ta rget decay 
before they reach the emulsion. The time elapsed (in the p ion ' s frame 
of reference) is the t ime of flight in a i r τair plus the t ime it takes the 
pion to come to rest after entering the absorber τabs. In Appendix 2 
the following expression is derived for the total elapsed time τt. 




) 2Τ √1 + T/2Mc2 
+ 4.70 × 10-11 √ Mc
2 
R ( insec . ) 
2Τ (8) 
where ρ = radius of curvature of pion in magnetic field 
Φ = angle through which trajectory turns 
Τ = kinetic energy (in Mev) 
Mc2 = rest mass of pion (in Mev) 
R = range of pion in absorber (in cm) 
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Hence the observed cross section σobs equals the corrected cross sec-
tion σcorr t imes the fraction of pions that survived in transit. 
Thus: σobs = σcorr e 
τt 




σ c o r r 
= τt 
e2.54x10-8 
σ o b s 
(8) 
This cor rec t ion is of the o rder of 10 percen t for the energies and geom­
e t ry in this exper iment . 
(2) Correc t ion for nuclear interact ions in the abso rbe r . 
Nuclear interact ions in the absorber also dec rea se the flux 
of pions reaching the emulsion. Although the c r o s s section for such 
nuclear events has been measu red recent ly for a number of e lements 
and severa l energ ies , 9 the information available is still insufficient 
for an accura te cor rec t ion . The available data do, however, indicate 
that the assumption of nuclear a r ea for the combined absorption and 
la rge-angle scat ter ing c r o s s sections is a fair ly good one. Hence we 
take π r2 as the attenuation cross section, where r = 1.4 x 10-13 × A1/3 cm. 
The number of nuclei per cm2 is given by 
qR A 0 where 
A 
q = Density of absorber material in g/cm3 
R = Range in the absorber (in cm) 
Ao = Avogadro' s number 
A = Atomic weight of absorber material. 
We thus have again: 
σ o b s = 
σcorr e 
σ q R A 0 
A o r 
a b s 
σ c o r r 
= e 
σ q R A 0 
A 
a o b s 
(9) 
At 20 Mev pion energy this cor rec t ion is of the order of only 2 pe rcen t . 
(3) Correc t ion for thick ta rge t . 
The quantity measu red in this exper iment is the number 
of pions of kinetic energy Τ produced in an energy in terval Δ Τ. The 
pions emerging from the ta rget in the energy interval Δ Τ at energy 
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T have been produced at var ious depths in the target , with an energy 
T' = Τ + ( dT )t where ( dT ) dx dx is the energy loss pe r cent imeter of a pion 
of energy Τ and t is the ta rget thickness between the piont of production 
and its exit from the ta rge t . 
For two low-energy pions of slightly different energy, there 
is an appreciable difference in the ra te of change of the specific ionization 
as we go from the front of the ta rget to the back. Hence pions produced 
in an energy interval Δ Τ' will emerge from the t a rge t spread over an 
energy interval Δ Τ. In Appendix 2 it is shown that these two energy 
in tervals a r e re la ted as follows: 
Δ Τ = Δ Τ' ( 
dT 
) T dx 
( 
dT )T' dx 
Since the energy interval used in calculating the differential 









) E x i t dx 
Δ Τ' ( dT )T' 3x 
where ( dT 
)T' dx (11) 
has been averaged over the ta rge t . The magni tude of this cor rec t ion 
is about 10 pe rcen t . 
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IV EXPERIMENTAL RESULTS 
The experimental r e su l t s a r e l is ted in Table I. The normal ized 
values shown in column 7 were obtained by making the re la t ive m e a s u r e ­
ment of the CH2 c r o s s section at 21.7 Mev agree with the absolute value measured at that point. The e r r o r s l is ted in Table I a re s ta t is t ical p r o b ­
able e r r o r s with the exception of the energy spreads in column 3. The 
uncer ta in t ies in the energy a r e due to the finite thickness of the ta rge t . 
For purposes of compar ison the data obtained by W. F . Car twr ight et. 
al.3 have also been l is ted in Table I. 
In Table II the values for the hydrogen c r o s s section a r e 
shown as obtained by subtract ion of the CH2 and C c ro s s sec t ions . In 
making the subtract ion a small cor rec t ion was applied to the value of 
the C c ro s s section to allow for the shape of the carbon spec t rum. The 
slope of the curve was obtained from the work of W. Dudziak 10  
The absolute value of the c r o s s section is assigned a 15-per­
cent e r r o r because of the uncer ta in t ies in the scanning efficiency of the 
obse rve r , the beam integration equipment, the measu remen t of the plate 
th ickness , etc . The 15-percent e r r o r was assigned on the bas i s of the 
following es t ima tes of the accuracy of the major fac tors : 
E r r o r in the number of pions counted 10% 
Error in measurement of original 
emulsion thickness 8% 
E r r o r due to averaging of solid angle 5% 
E r r o r in beam integration 5% 
Fig. 4 shows a graph of the exper imental data. 
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T a b l e I 
D i f f e r en t i a l c r o s s s e c t i o n for p r o d u c t i o n of p o s i t i v e 
p i o n s by 340 Mev p r o t o n s on C H 2 and c a r b o n 
C o l u m n 1 2 3 4 5 6 7 
Type of 
m e a s u r e m e n t 
T a r g e t P i o n 
e n e r g y 
Mev 
No. of 
p i o n s 
found 
U n c o r r e c t e d 
c r o s s s e c t i o n 
C o r r e c t e d 
c r o s s s e c t i o n 
N o r m a l i z e d va lue 
of c r o s s s e c t i o n 
c m 2 / s t e r a d Mev 
R e l a t i v e C H 2 18 .8 ± 1.2 103 1.03 1.08 ± 0 . 0 7 3 .9 ± 0 . 2 5 × 1 0 - 3 0 
R e l a t i v e C H 2 2 1 . 7 ± 1. 1 107 1.30 1. 34 ± 0 . 0 9 4 . 8 ± 0. 32 × 10-30 
R e l a t i v e C H 2 2 4 . 8 ± 1. 1 8 5 1.08 1. 16 ± 0 .08 4 . 2 ± 0 .29 × 10-30 
R e l a t i v e C 2 3 . 2 ± 2 . 4 175 0 . 8 5 0 .92 ± 0 . 0 5 3 . 3 ± 0. 18 × 10-30 
Abso lu t e CH2 2 1 . 7 ± 1. 1 58 4.1×10-30 4 . 8 ± 0 .42 × 10-30 
A b s o l u t e * CH2 17. 5 3 . 0 ×10-30 3 .8 ± 0 . 6 × 10-30 
A b s o l u t e * C 17. 5 l.9×10-30 2 . 5 ± 0 . 3 × 10-30 
A b s o l u t e * CH2 34. 0 5 .3 ×10-30 6. 7 ± 0 . 7 × 10-30 
A b s o l u t e * C 34. 0 3 . 3 ×10-30 4. 3 ± 0 . 4 × 10-30 
*Data of W. F . Cartwright et. a1. (see reference 3) 
In columns 5 and 6 the re la t ive c r o s s sections a r e in a r b i t r a r y uni ts , the absolute c r o s s sections 
a r e in c m 2 / s t e r a d Mev 
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T a b l e II 
D i f f e r en t i a l c r o s s s e c t i o n for p r o d u c t i o n of 
p o s i t i v e p i o n s by 3 4 0 - M e v p r o t o n s on p r o t o n s 
P i o n 
E n e r g y (Mev) 
σCH2 




N o r m a l i z e d va lue of σH 
c m 2 / s t e r a d Mev 
18 .8 1. 08 ± 0 . 0 7 0 . 8 4 ± 0 . 0 5 0. 12 ± 0 . 0 4 0 . 4 ± 0. 1 × 1 0 - 3 0 
2 1 . 7 1. 34 ± 0 .09 0 .88 ± 0 . 0 5 0 . 2 3 ± 0 . 0 5 0 . 8 ± 0 .2 × 10-30 
2 4 . 8 1. 16 ± 0 . 0 8 0 . 9 6 ± 0 . 0 5 0. 10 ± 0 . 0 5 0 . 4 ± 0 .2 × 10-30 
17. 5* 0. 6 ± 0 . 3 × 10-30 
34. 0* 1.2 ± 0 . 4 × 10-30 
*Data of W. F . Cartwright et. a1. (see reference 3) 
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Fig. 4 Exper imenta l r e su l t s . 
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V DISCUSSION 
A. Discussion of Exper imenta l Resul ts 
Because of the small difference between the CH2 and carbon 
spect ra , the values for the hydrogen c r o s s section have very la rge s ta ­
t is t ical e r r o r s , which make the in terpre ta t ion of the resu l t s r a the r spec ­
ulat ive. The two ext reme situations of ei ther a very large inc rease 
in the c r o s s section or a depress ion in the c r o s s section can be excluded 
with reasonable cer ta inty, however. 
An inspection of the hydrogen curve shows that the point 
at 21.7 Mev is slightly higher than the other two points . In view of the 
statistical errors of these measurements, however, it is doubtful whether 
this peak represents a real effect. 
That the points m e a s u r e d do not lie on a b road peak is c l ea r ly 
shown by comparison with the points of Cartwright et al.3 on either side 
of the energy interval investigated. 
Both these facts lead to the conclusion that there is at mos t 
a small departure from the flat and slowly rising shape of the hydrogen 
spectrum in the energy interval of 18 to 26 Mev. 
B. Kinematics 
As far as the kinematics of the react ion p + p → π + + p + n 
a r e concerned, there can be two different configurations of the final 
react ion p roduc t s . Both the following cases a r e in the CM and, since 
the total kinetic energy shared by the three final pa r t i c l e s is only 21. 3 
Mev, all calculations in the CM of these pa r t i c l e s a re c a r r i e d out non-
re la t iv is t ica l ly . All t ransformat ions from the Lab. system to the CM 
system and vice versa must of course be done re la t iv is t ica l ly . 
Case A: No two of the final pa r t i c l e s come off at the same 
angle. 
Fig. 5 
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Case B: The pion and one of the nucleons, say the neutron, 
come off together and in the forward direct ion. 
This case cor responds to θ1 = 0° and θ2 = 180°. 
For either case A or case Β the relevant quantity in the de ­
script ion of the pion-neutron sys tem is the re la t ive momentum of the pion 
and neutron, which is defined as follows: 
= 
m3 - m2  
m2 + m3 
(12) 
where m2 = neutron mass 
k2 = neutron momentum 
m3 = pion m a s s 
k3 = pion momentum 





) rn2 + m3 
(13) 
The re la t ive momentum was calculated as a function of the 
pion momentum and hence of pion energy. F r o m the conservat ion laws 
for energy and momentum we obtain an express ion for k2 as a function 
of k3 which has the form 
k2= c1 k3 cos θ2 + √k32 (c2 cos2 θ2 + c3) + c 4 , (14) 
- 2 8 -
where θ2 is the angle of the neutron momentum as shown in Fig. 5 and 
the c's are constants which depend on the particle masses and the avail­
able energy TA only. 
Substitution of this expression in Eq. (12) gives the relative 
momentum Κ as a function of the pion momentum and the neutron angle 
θ2. 
Now let us consider case B, which is the special case of 
θ2 = 180° or cos θ2 = - 1, The expression for k2 then reduces to 
k2 = - C l k 3 + √k23 (C3 + C2) + C 4 ( 1 5 ) 
and the corresponding expression for the relative momentum Κ then 
becomes 
Κ = √ c 5 k 2 3 + c 6 - c7 k3 (16) 
Table III shows the numerical values of the relative momen­
tum Κ and the relative energy Τrel for various values of the pion momen­
tum k3. The corresponding curves are plotted in Fig. 6. 
The factor f is a constant numerical factor, whose value 
is 3.817 × 10-17. 
If, in Eq. (16) above, we set the relative momentum Κ equal 
to zero and solve for k3, we obtain the pion momentum for which the 
condition of zero relative velocity holds. This critical value of the pion 
momentum is 
k 3 = 2 6 . 4 4 f ( 
g c m 
) s e c 
corresponding to a pion energy in the CM of 1. 28 Mev. In the Lab. this 
pion has an energy of 21.5 Mev. 
We now return to case A and consider the variation of the 
neutron momentum k2 with neutron angle θ2, keeping the pion momentum 
fixed in magnitude and direction (see Fig. 5). A series of values for 
the neutron momenta was calculated keeping the pion momentum fixēd 
at 180° and a magnitude of 2 6. 488 f g c m 
sec 
These values are shown 
in Table IV. 
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Fig . 6 Relative pion-neutron energy and momentum as a function 
of pion energy in the CM system. 
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T a b l e III 
P i o n E n e r g y in L a b . Τπlab ( in Mev) 12 .04 18.99 2 1 . 4 7 2 5 . 9 6 3 3 . 3 2 
P i o n e n e r g y ( in CM) Τπ ( in Mev) 0 0 . 7 5 1.28 2 . 5 0 5 .00 
P i o n m o m e n t u m (in CM)k 3 ( in g cm ) 0 20 .24 f 26 .49 f 36 .95f 52 ,50f s e c 
Re l a t i ve m o m e n t u m K (in g c m ) 25 .64 f 6 .15f - 0 . 0 6 f - 1 0 . 6 6 f - 2 6 . 7 7 f sec 
Re la t ive e n e r g y Trel ( in Mev) 1.37 0 .08 0. 00 0 . 2 4 1. 51 
Rela t ive v e l o c i t y v2 - v3 ( in c m ) 4 . 5 0 x l 0 9 1 . 0 8 x l 0 9 - 0 . O l x l O 9 - 1 . 8 8 x l 0
9 - 4 . 7 2 x l 0 9 sec 
S u m m a r y of K i n e m a t i c a l Q u a n t i t i e s 
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Table IV 
Relative Pion-Neutron Energy and Momentum as a Function of 
Angle of Neutron Emiss ion (for fixed pion momentum). 
Neutron angle θ 
(in CM) 
Neutron momen­
tum k2 (in CM) 
(g c m / s e c ) 
Relative 
momentum 




0° 204.48f 49.44f 0. 51 Mev 
30° 202.58f 47.30f 0.47 Mev 
60° 197. 51f 41.82f 0.37 Mev 
9 0 ° 190. 76f 33.72f 0.24 Mev 
120° 184. 26f 23.39f 0.15 Mev 
150° 179.63f 11.92f 0.03 Mev 
180° 177.98f 0.06f 0.00 Mev 
Since all of these neutron momenta a re assoc ia ted with the 
same pion momentum, there is no way to separa te , experimental ly , 
cases with different neutron angles as long as k3 r ema ins the same. 
As a consequence of this , we must associa te a spread of re la t ive m o ­
menta Κ with each value of pion momentum ra the r than jus t a single 
value. 
This effect tends to smear out the peak in the production 
c r o s s section, since the values of Κ associa ted with neighboring values 
of k3 par t ia l ly over lap . In the next section we analyze this effect in 
g rea t e r detai l . 
Final ly, we want to look at the variat ion of the re la t ive m o ­
mentum Κ as the pion momentum changes from the cent ra l to the ex t reme 
posit ion within the acceptance angle of the channel. The acceptance 
angle of the channel is ± 4° in the L a b . , which cor responds to ± 17° in 
the CM. If we go back to case Β and then let the pion momentum vary 
from 180° to 163° while keeping the neutron momentum fixed at 180°, 
we find that Κ changes by only a small amount, namely from 0.06 f to 
0. 54 f. This variat ion in Κ is quite negligible compared to the variat ion 
in Κ due to the angle of neutron emiss ion . 
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C. Interpreta t ion of Exper imenta l Resul ts 
By the use of the idea of a " sca t te r ing length" and a phenom-
enological descr ipt ion very s imi la r to the one used in the analysis of 
low-energy n-p scat ter ing, it is poss ible to derive an express ion for 
the effect of the pion-nucleon interact ion on the pion spec t rum. In this 
section we f i r s t give an outline of the derivat ion of this formula and then 
d i scuss to what extent numer ica l values for the scat ter ing length can 
be obtained by a compar ison of the exper imental and theore t ica l cu rves . 
In the derivat ion we consider only the pion-neutron interact ion, although 
the proton is kinematical ly equivalent to the neutron. Thus if we neglect 
Coulomb effects the neutron may everywhere be replaced by the proton 
and we obtain the same r e su l t s as before. 
The following assumptions a r e made: 
1) The pion-neutron interact ion can be r ep resen ted by an 
a t t rac t ive well, whose depth is l a rge compared to the 
re la t ive pion-neutron energy 
2) The ma t r ix element for pion production can be consid­
e red constant over the energy region under investigation 
(0 .5 to 2 .5 Mev pion energy in the CM system) 
3) The range of the interact ion is short compared to the 
pion wave length. In addition it is assumed that the 
pion wave length is l a rge compared to the distance b e ­
tween the nucleons during the pion-product ion p r o c e s s . 
The theory shows that under these assumpt ions the form of 
the wave function inside the well is independent of the energy and we 
may thus wri te 
Ψ π (Κ, r) = h ( r ) f ( Κ ) , (17) 
where the ent i re energy dependence of the wave function is contained 
in f (Κ), Κ being again the re la t ive p ion-neutron momentum. The func­
tion h (r) will affect the magnitude of the c r o s s section but not i ts energy 
dependence. Hence the energy spect rum will be obtained by integrating 
|f (K)|2 over the phase space available to the react ion p roduc t s . 
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For the wave function outside the well we have 
f(K)~ sin (Kr + δ) 
Κ 
(18) 
and for small values of Κ r (K r << 1) we obtain the following approxi­
mate form for the pion wave function at the neutron: 




The differential production c r o s s section will then have the form 
dσ = |M| 2 ( sin
2 δ )ρT κ2 
(20) 
where M = ma t r ix element for pion production 
ρT = density of final states. 
It is eas i ly shown from the boundary conditions at the edge of the well 




κ2 Κ 2 + α 2 
(21) 
where Κ = re la t ive pion-neutron momentum 
α = 1 a and a = scat ter ing length 
In o rde r to obtain the density of final s ta tes we specify our system by 
the following two vec to r s : 
= pion momentum 
= 2 = the relat ive pro ton-neut ron momentum 
The vector was chosen r a the r than because the energy can be ex­
p r e s s e d as a simple function of and and these two vec tors completely 
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specify the state of the sys tem. The density of final s ta tes is then 
p T = k23 dk3 dω3 g2 dg dωg dT 
(22) 
and substituting these express ions into equation (20) above we have for 




) k23 g2 
dg d ( c o s θ). 
dk3 dω3). k2 + a2 dT 
(23) 
Using the conservat ion laws for energy and momentum we obtain ex­
p r e s s i o n s for and as functions of the pion momentum 
k2 = ( µ )2 [ k 3 ( 1 + M ) -g]2 μ + M 2 μ (24) 
g2 = Μ Τ Α - k23 ( 
M + 1 ) 2μ 4 
(25) 
where M = nucleon m a s s 
μ = pion m a s s 
TA = kinetic energy available in CM system 
θ = angle between - and as shown in Fig . 7. 
F ig . 7 
We now integrate over all values of θ thus including all possible o r i en ­
tations of the neutron momentum k2 for a fixed value of the pion momen­
tum k 3 . It is this p r o c e s s of averaging over all neutron momenta which 
tends to s m e a r out the peak in the pion spec t rum. We next substi tute 
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the values for and into the c ros s section formula and thus obtain 
an integral of the form 
which upon integration and substitution of the l imits becomes 
Before we can compare this c ro s s section with the exper imental points 
we must change the independent interval from pion momentum to pion 
energy. This we do by noting that the total number of pions is given 
by 
and hence 
We thus have to divide the momentum spect rum by k3 to obtain the en­
ergy spect rum which then has the final form 
-36-
In Fig. 8 is shown a s e r i e s of curves each represent ing the shape of 
the c ro s s section for a different value of a. The ver t i ca l scale is in 
a r i b t r a r y units since we are not in te res ted in the absolute magnitude 
of the spec t rum. Also plotted in the same figure a r e the exper imenta l 
points for hydrogen and their probable e r r o r s as l is ted in Table II. 
If one t r i e s to deduce a minimum and maximum value for 
a, and hence for the scat ter ing length, from a compar ison of the data 
and the calculated curves one would be led to values of the following 
order of magnitude 
Minimum α = 0.001 ( μc ) a = 1.5 × 10-10 cm 
π 
Maximum α = 0.05 ( μc ) a = 3 × 10-12 c m 
π 
Both of these values appear to be unreasonably la rge on the bas i s of other p ion-sca t te r ing exper iments and on the bas i s of theore t ica l e s t i ­m a t e s . Although no exper iments have to date been per formed at such low energies, the theoretical estimates seem to point to a scattering length of the order of 10-13 cm. 
This d iscrepancy, as well as the wide range of scat ter ing 
lengths that seem compatible with the data, is a consequence of the fact 
that the height of the peak is a ra ther insensi t ive function of α. As a 
final conclusion we may thus state that if an a t t rac t ive pion-nucleon in­
te rac t ion does exist at these energ ies , i ts magnitude is not sufficiently 
la rge to be detected by an exper iment of this type. 
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Fig. 8 Exper imenta l points and calculated shape of c ross section 
for various values of α. 
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VII APPENDIX 
1. Derivation of the Detection Efficiency of the Photographic Emulsion 
The relat ionship between the number of pions incident on 
the detector and the density of pions actually observed in the photographic 
emulsion is a m e a s u r e of the efficiency of the de tec tor . By the detector 
is meant the aluminum absorber block with the emulsion embedded in 
it. Let us for the moment a s sume no scat ter ing inside the detector . 
Cons ider a uniform flux of monoenerget ic pions of energy 
Τ incident on the detector as shown in Fig. 9. These pions have a range 
R(T) in the ma te r i a l of the absorber given by the range-energy relat ion. 
However, only those pions whose t ra jec to r ies fall within the band of 
width "a" shown in Fig . 9 stop in the emulsion and a re detected, while 
all other pions come to r e s t in the absorbe r . 
If the thickness of the emulsion is d and the angle of inc l i ­
nation to the horizontal a, we have 
where Rabs and Rem a re the res idual ranges in the absorbe r ma te r i a l 
and the emulsion respect ive ly at the point shown. At this point the pions 
have an energy Τres, which in our case is about 5.4 Mev. Dividing 
one express ion for α by the other yields 
Next let us consider a beam of pions with a small spread of energies 
ΔΤ around T. The number of pions coming to rest in a strip of emulsion 
of length l (perpendicular to the paper in Fig. 9) is then 
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Fig. 9 Pion t ra jec tor ies in the absorber block. 
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n = Νπ (Τ) ΔΤ a x l (30) 
since Νπ (Τ) ΔΤ = Number of p ions / cm 3 in ΔΤ and a x l is the c r o s s -
sectional a rea of the beam which comes to r e s t in the emulsion. We 
now want to find out over how large a distance along the plate a beam 
of pions with an energy spread ΔΤ is dis t r ibuted. Let s denote the co ­
ordinate along the emulsion as shown in Fig. 9 . · B y the use of the wel l -
known relat ion 
we immediate ly obtain that ΔΤ =[ dT cos α Δ5 
] a b s 
dx 
where [ dT 
] a b s dx 
is the ra te of energy loss of the pion when it en te r s the 
absorber face. Substitution of this express ion and of Eq. (29) into Eq. 
(30) above yields 
where l x ΔS is the scanned a rea on the emulsion, and hence we may 
call the quantity 
n = ρπ = density of p ion- t rack endings in the 
emulsion. 
l × Δs × d 
Final ly we thus obtain 
which is the formula used on page 14. 
- 4 2 -
One additional effect mus t be cons idered in connection with 
the above derivation. This is the possibi l i ty of range shortening due 
to the fact that a thin para l le l beam of pions will have experienced a 
cer ta in l a t e ra l spread due to multiple Coulomb scat ter ing by the t ime 
it reaches the end of its range. The magnitude of this effect can be 
calculated from the theory,12 and one finds that the mean lateral dis­
p lacement for a 21.6-Mev pion is about 0.085 cm. F r o m this we ca l ­
culate the mean range shortening and then convert to an energy dif­
ference between the rea l and apparent pion energy. Doing th is , one 
finds this effect to be of the o rde r of 0.05 Mev and hence negligible for 
our pu rposes . 
2. Derivation of Correc t ion F a c t o r s for Cross Section 
We shall f i rs t calculate the cor rec t ion which must be applied 
to allow for the number of pions that decay while in t rans i t from the 
ta rge t to the photographic emulsion. 
If dt is a certain time interval in the Lab. then dτ = 
dt√1 - ν2 /c2 is the time elapsed in the reference system of the pion, 
where ν = the velocity of the pion in the Lab. and c = velocity of light. 
The t ime to t ravel a distance ds is given by 
dτ = dt √1 - v 2 / c 2 = 
M ds Ρ 
where ds = distance as m e a s u r e d in Lab. 
M = r e s t m a s s of pion 
Ρ = pion momentum measu red in the Lab. 
Hence the total t ime elapsed in t ravel ing from the ta rge t 
to the emulsion is 
Before the pion reaches the absorber face its momentum is essent ia l ly 
constant and hence the f i r s t in tegral becomes 
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where ρ = constant radius of curvature of pion in the magnetic field and 
Φ = angle through which the t ra jec tory turns from the ta rget to 
the absorbe r . This t ime can now be rewri t ten in the form 
where Τ = Kinetic energy of the pion in the laboratory and Mc2 = its rest 
mass. 
To calculate the t ime spent by the pion slowing down in the absorber we make the nonrelativistic approximation that p = √2TM and substitute the empirical range-energy relation13 
Τ = k R ° . 5 8 
We then obtain for the second integral in Eq. (31) the following 
This r e p r e s e n t s the t ime for the pion to come to r e s t after it entered 
the absorber where R is the range of the pion in question measu red in 
cm. 
As a final answer we thus find that the t ime elapsed in the 
pion 's frame of re fe rence , from its depar ture from the ta rge t until it 
comes to r e s t in the emulsion, is given by 
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We next want to derive the express ion 
which appears in the th ick- ta rge t cor rec t ion . Consider a pion of energy 
T' produced at a dis tance t from the exit surface of the ta rge t . We may 
wri te this energy as a function of its range R in the t a rge t ma te r i a l . 
The range, in turn, is seen to be equal to t + RE (T) where RE (T) 
is the range of the pion with exit energy T. We may thus write 
Τ' = T' (R) = T' [t + RE (T)] 
If we now consider a fixed posit ion t inside the t a rge t we can differen­
tiate the above express ion for T' considering it to be a function of Τ 
only. 
But since dt = 0 we obtain immediate ly dT 
This is for a fixed posit ion t inside the ta rge t and hence, in o rde r to 
include all pions produced, we average the quantity ( 
dT )T' over the dx 
thickness of the target . This gives the des i red formula 
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